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Semi-classical calculation of an oscillating dipole induced in a two-level atom indicates that spherical 
radiation from the dipole under coherent interaction, i.e., Rayleigh scattering, has a power level 
comparable to that of spontaneous emission resulting from an incoherent process. Whereas spontaneous 
emission is nearly isotropic and has random polarization generally, Rayleigh scattering is strongly 
anisotropic and polarized in association with incident light. In the case where Rabi frequency is much 
larger than frequency detuning and spontaneous emission rate, while the power of spontaneous 
emission varies with time at the Rabi frequency, the power of Rayleigh scattering oscillates at twice the 
Rabi frequency. Moreover, the radiation pressure force acting on an atom due to Rayleigh scattering 
exceeds that caused by spontaneous emission when frequency detuning is large. 
1. Introduction 
The directionality of stimulated emission and spontaneous 
emission plays important roles in optical science and atomic 
physics. For example, a laser cavity can be composed of two 
mirrors facing each other, since the stimulated emission 
light contributing to coherent amplification appears in a 
direction identical to that of the incident light. In contrast, 
the photon scattering force acting on an atom due to 
spontaneous emission plays an essential role in techniques 
for laser cooling of atoms such as Doppler cooling [1, 2] 
and polarization gradient cooling [3]. 
Both types of emission are generated by spherical 
radiation from an oscillating dipole induced in an atom. 
Here, stimulated emission results from a dipole coherently 
oscillating with incident light. On the other hand, 
spontaneous emission is generated by a dipole oscillating at 
the atomic resonant frequency without phase correlation to 
the incident light when an atom in an excited state 
spontaneously decays to a ground state. Consideration of 
interference between coherent spherical radiation and 
incident light can explain the directionality of the stimulated 
emission [4, 5]. 
However, it should be considered that a term 
representing spherical radiation accompanies the 
interference term. Incident light is thereby dissipated by the 
coherently oscillating dipole. Photon recoil is caused by this 
light scattering (i.e., Rayleigh scattering), and the atom is 
subjected to radiation pressure force. Namely, light 
scattering and radiation pressure force are not caused only 
by incoherent spontaneous emission. 
Since 1969, it has been known that the spectrum of light 
dissipated by a two-level atom has a triplet structure called 
Mollow triplet [6-10]. The spectral structure results from 
spontaneous emission, Rayleigh scattering and Raman 
scattering [7, 8]. Recently, however, in contrast to 
spontaneous emission and Raman scattering, whose power 
is the same as that of spontaneous emission [7], Rayleigh 
scattering has been downgraded in the field of atomic 
physics and in its application except for the superradiant 
Rayleigh scattering from a Bose-Einstein condensate [11, 
12]. For example, radiation pressure force has been usually 
explained by variation in the momentum of photons which 
are absorbed and scattered due to spontaneous emission 
[13]: Rayleigh scattering has not been taken into account. 
In this paper, Rayleigh scattering caused by coherent 
interaction between incident light and a two-level atom is 
derived semi-classically. Although spontaneous emission is 
not included in the calculation, we can regard light as 
electromagnetic waves in contrast to full quantum 
calculation in which light is treated as photons. The semi-
classical approach enables us to intuitively find that 
Rayleigh scattering is inevitable under coherent interaction. 
Moreover, we can simply and straightforwardly obtain not 
only the power of Rayleigh scattering but also its time 
dependence. Consequently, it is shown that Rayleigh 
scattering is not negligible compared to spontaneous 
emission, whose photon number per unit time is derived by 
multiplying the population of the excited state by the 
spontaneous emission rate, in terms of power and radiation 
pressure force acting on an atom. Note that we here describe 
Rayleigh scattering from an ensemble of uncorrelated atoms. 
The power of Rayleigh scattering is calculated in §2. 
Then, the differences in processes, time dependence and 
coherence between Rayleigh scattering and spontaneous 
emission are shown in §3. In addition, the effect of Rayleigh 
scattering on atom detection is discussed, and radiation 
pressure force acting on an atom due to Rayleigh scattering 
2 
 
is compared to that due to spontaneous emission. Finally, 
we give a conclusion in §4. 
2. Calculation of the power of Rayleigh 
scattering 
For theoretical calculation, it is assumed that a two-level 
atom with a wavefunction 2211 )()(  tata   (t: time) is 
in a vacuum, where 1 and 2 are the eigenfunctions of the 
ground state and the excited state, respectively. The origin 
of an inertial Cartesian coordinate (x, y, z) is taken at the 
position of the atom. Incident light whose electric field is 
expressed as  zE ˆcos0L kxtE    ( zˆ : a unit vector in the 
z direction) is incident to the atom, where E0,  and k are 
the amplitude of the electric field, the frequency and the 
wave number, respectively. 
Here, we consider a simple case only with coherent 
interaction, neglecting spontaneous emission. Under 
coherent interaction caused by the perturbation Hamiltonian 
LzEH (z: z component of the electric dipole 
moment), the population in the ground state and that in the 
excited state are given by    2/sin/1)( 220
2
1 tta   
and 
2
1
2
2 )(1)( tata  , respectively, where the initial 
conditions a1(0) = 1 and a2(0) = 0 are taken. Here, 
  2/1202   is the Rabi frequency, where 
D0    is the frequency detuning of the incident 
light with respect to the atomic resonant frequency 0. Here, 
D is the Doppler shift caused by the movement of the atom 
with respect to the light source. The vacuum Rabi frequency 
is /0210 E , where 21 and 2  are the matrix 
element of z and Planck’s constant h, respectively. The 
quantum-mechanical expectation value of the induced 
dipole  rd
*  ez  (e: the electron charge) is given by 
  c.c.titpt  zp ˆexp)()( 0  , where [5] 
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The light intensity is composed of the incident light and 
the radiation from the induced dipole as given by 
pL
2
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2 EEEEE  , where Ep is the electric field 
of the radiation from the induced dipole. When  >>  and 
kR >> 1, the intensity is given by 
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in a spherical coordinate (R, , ), where 
  2/1222 zyxR   and  Rz /cos 1 . 
Here, 
2
pE  can be regarded as the intensity caused by 
Rayleigh scattering [14]. On the other hand, the interference 
term pL2 EE   expresses the change in intensity caused by 
absorption, stimulated emission and dispersion. The spatial 
distribution of the interference term will be described 
separately [15]. 
While the statistically and temporally averaged intensity 
of Rayleigh scattering is generally calculated for small 
particles, the time dependence of the intensity of Rayleigh 
scattering from an individual atom is given by Eqs. (1) and 
(2), which are derived from quantum mechanical calculation. 
By integrating the intensity over the whole solid angle, the 
power of Rayleigh scattering from the two-level atom is 
obtained as 
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where  is the spontaneous emission rate, and 0   is 
taken assuming   << . The time average of Pray over the 
Rabi oscillation is given by 
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3. Discussion 
3.1 Differences between Rayleigh scattering and 
spontaneous emission 
Rayleigh scattering is similar to spontaneous emission in 
that both are spherical radiation. However, Rayleigh 
scattering is different from spontaneous emission, because 
Rayleigh scattering can be explained by light-atom coherent 
interaction whereas spontaneous emission cannot [13]. 
Moreover, Rayleigh scattering makes no variation in the 
internal energy of an atom in contrast to spontaneous 
emission. The reason is described as follows: Under 
coherent interaction, the internal energy of an atom varies 
by the work which is given by the light-atom interaction. 
The variation in the internal energy corresponds to 
absorption or stimulated emission. Here, since the work per 
unit time is given by   tpE 00 Im , the phase difference 
between incident light and an induced dipole is very 
important for variation in the internal energy. However, the 
intensity of Rayleigh scattering is not dependent on the 
phase of an induced dipole but its amplitude as shown in Eq. 
(2). 
Let us discuss differences in time dependence of 
radiation power between Rayleigh scattering and 
spontaneous emission. The power of spontaneous emission 
is given by 
2
20spo )(taP   , whereas the power of 
Rayleigh scattering is proportional to 
2
0 )(tp , as shown in 
Eq. (2). Figures 1(a) and 1(b) show 
2
2 )(ta  and   tp0Im , 
respectively, as a function of t for  >>   and  >> . 
Here, note that   20
2
0 Im)( tptp   for  >>   and that 
temporal variations in 
2
2 )(ta  and p(t) caused by 
spontaneous emission are negligible for  >>  Since the 
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power of the absorbed light is obtained as   tpE 00 Im , 
2
2 )(ta  and Im[p0(t)] are connected by the equation 
  t dttpEta 0 00
2
20 )(Im)(  . From this equation, the 
relationship between Pray and Pspo can be explained using 
Im[p0(t)]:  
2
0ray )(Im tpP   and   t dttpP 0 0spo )(Im . 
Figure 1(c) shows Pray and Pspo with solid and broken 
lines, respectively, as a function of t for  >>   and  
>> . As shown in Fig. 1(c), Pray oscillates at twice the Rabi 
frequency, while Pspo varies with time at the Rabi frequency. 
This should be useful for discrimination between Rayleigh 
scattering and spontaneous emission by measurement of 
radiation. However, this is not the case when   at 
large detuning, since both Rayleigh scattering and 
spontaneous emission are proportional to  2/sin2 t . 
In addition, it is found from Fig. 1(c) that rayspo 4PP  , 
where spoP  is the time average of Pspo over the Rabi 
oscillation, so the power of Rayleigh scattering is 
comparable to that of spontaneous emission. 
 
Fig. 1. (a) Population in an excited state, 
2
)(2 ta , and (b) 
  tp0Im  as a function of t, where p0(t) is the amplitude of the 
induced dipole. (c) The power of Rayleigh scattering Pray and that of 
spontaneous emission Pspo are shown as a function of t with solid 
and broken lines, respectively. Here, we assume  >>   and  
>> . Also,   tp0Im  is normalized by 21 , whereas Pray and 
Pspo are normalized by  . Here, Pray and Pspo are proportional to 
   20Im tp  and 
2
)(2 ta , respectively. As a result, Pray varies with 
sin2t, whereas Pspo changes with sint. In terms of the time-
averaged power, we find that rayspo 4PP  . 
If the condition  >>  is not satisfied, the changes in 
2
2 )(ta  and p(t) caused by spontaneous emission are not 
negligible. However, if  ≿ , the power and its time-
average for Rayleigh scattering can be roughly estimated 
using Eqs. (3) and (4), respectively. 
In terms of the radiation field, Rayleigh scattering and 
spontaneous emission can be distinguished by their 
coherence. Rayleigh scattering is coherent with incident 
light, and their frequencies are identical. Furthermore, when 
laser light is incident to an atomic ensemble, Rayleigh 
scattering from individual atoms causes interference. 
Moreover, since the induced dipole oscillates in the incident 
light’s direction of polarization, Rayleigh scattering is 
strongly anisotropic and polarized. 
On the other hand, spontaneous emission is incoherent 
since it has no phase relation to incident light [16]. 
Moreover, under the condition that   >> 0, the 
frequency of spontaneous emission is identical to the atomic 
resonant frequency [7-9]. Therefore, Rayleigh scattering can 
be distinguished from spontaneous emission by their 
frequency difference at large detuning and low intensity of 
incident light. (Even when   ≾ 0, either of the side 
peaks of a Mollow triplet structure corresponds to the 
atomic resonant frequency deviated by a light shift 
   /1ls  [7]. However, we cannot strictly 
determine which peak corresponds to the frequency of 
spontaneous emission for   ≾ 0 since it is necessary to 
consider a transition between dressed states, which are 
expressed by superposition between uncoupled states [8].) 
Additionally, the polarization of spontaneously emitted light 
is determined by variation in the magnetic quantum number 
in the transition, mspo: Spontaneously emitted light has 
-, 
- and +-polarizations if mspo = +1, 0 and 1, respectively. 
If mspo = mabs, where mabs is variation in the magnetic 
quantum number when an atom absorbs incident light, the 
polarization and the directionality of spontaneous emission 
are identical to those of Rayleigh scattering. In general, 
spontaneous emission is nearly isotropic with random 
polarization in contrast to Rayleigh scattering since most 
kinds of atoms have a few or more Zeeman sublevels in 
hyperfine levels of the ground state [13]. However, in the 
case of an atom with a nondegenerated ground state such as 
an alkaline-earth metal atom, spontaneous emission cannot 
be discriminated from Rayleigh scattering by polarization 
and directionality. 
3.2  Atom detection 
Let us consider a case where fluorescence induced by 
resonant light is observed. Rayleigh scattered light and 
spontaneously emitted light are simultaneously received by 
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a photodetector. However, when the number of atoms 
increases, the relative intensity of Rayleigh scattering with 
respect to the total intensity of the dissipated light decreases 
due to interference between the individual dipoles: Rayleigh 
scattering from each atom interferes constructively in the 
direction parallel to that of incident light but destructively in 
other directions. 
In the case of a single atom [17-20], the Rayleigh 
scattering intensity is purely obtained as 
2
pE . As seen 
from Eq. (2), the Rayleigh scattering intensity is zero in the 
direction  = 0, and is maximized in the direction  = /2. 
The maximum intensity is calculated from Eq. (2) as 3/2 
times the intensity averaged over the whole solid angle. 
Accordingly, for  >>   and  >> , in which 
rayspo 4PP  , the Rayleigh scattering intensity in the 
direction  = /2 is 3/8 times the intensity of spontaneous 
emission assuming isotropic spontaneous emission. Hence, 
the light scattered from a single atom can be efficiently 
observed by optimizing the location of the photodetector 
with respect to the polarization of the incident light. 
3.3 Radiation pressure force 
Let us discuss the radiation pressure force acting on an atom 
due to Rayleigh scattering. Since the statistically averaged 
momentum of photons in Rayleigh scattering is zero 
because of the symmetry for , radiation pressure force 
caused by Rayleigh scattering per unit time is given by Fray 
= Pray/c, where c (:= /k) is the speed of light in the vacuum. 
The strength of the radiation pressure force therefore 
oscillates as shown in Eq. (3). The time average of Fray over 
the Rabi oscillation can be obtained as cPF /rayray   by 
using rayP  in Eq. (4). Here, note that the condition  ≿ 
must be satisfied to express Fray and rayF from Eqs. (3) 
and (4), respectively. On the other hand, radiation pressure 
force caused by spontaneous emission per unit time is given 
by    1spo 12  sskF   in a steady state [13]. Here, 
     12/21/  sIIs is the saturation parameter, where I 
and Is are the intensity of the incident light and the 
saturation intensity, respectively. Using I and Is, the vacuum 
Rabi frequency is given by     2/10 2/ sII . 
Figure 2(a) shows rayF  and Fspo at  / = 1 as a 
function of I with solid and broken lines, respectively. 
Figure 2(b) represents rayF  and Fspo at I/Is = 10 as a function 
of   with solid and broken lines, respectively. Here, 
  is satisfied at 1/   or 10/ sII . Moreover, 
Fig. 3(a) shows rayF  for various   as a function of I, and 
Fig. 3(b) provides rayF  for various I as a function of  . As 
shown in Figs. 2(a) and 2(b), while Fspo simply rises with 
increasing values of I and decreasing values of  , rayF  has 
a maximum for both I and  . The maximum of rayF  is 
analytically derived from Eq. (4) as 6/k  at 
 2/4/ sII . Note that the maximum value is 
independent of I and  as shown in Figs. 3(a) and 3(b). 
 
Fig. 2. Radiation pressure force caused by Rayleigh scattering, rayF , 
and that caused by spontaneous emission, Fspo, are shown with solid 
and broken lines, respectively, as functions of (a) the intensity of 
incident light, I, at  /  = 1, and (b) the frequency detuning   at 
I/Is = 10. Here, rayF  and Fspo are normalized by 6/k . Also, I 
and   are normalized by Is and , respectively. The vertical axis 
in (b) is logarithmic. As shown in (a), rayF  is larger than Fspo when 
I is small, but is smaller than Fspo when I is large due to rapid 
saturation. As represented in (b), while Fspo monotonically decreases 
as   increases, rayF  has a peak at    2/14// sII . In 
addition, we find that rayF  is smaller than Fspo around 0  but 
exceeds Fspo when   is large. 
As indicated in Fig. 2(a), while rayF  increases more 
rapidly than Fspo with I for small values of I, rayF  becomes 
smaller than Fspo for large values. It can be analytically 
derived from Eq. (4) that these observations remain true 
independently of : It is found that rayF  is larger than Fspo 
for I/Is << (/)
2 and I/Is << 1, whereas 
8/4/sporay  kFF   for I/Is >> (/)
2 and I/Is >> 1. Figure 
2(b) also shows that rayF  is smaller than Fspo when   is 
small, while rayF  is larger than Fspo when   is large. It is 
analytically found from Eq. (4) that these observations hold 
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independently of I: For   << , it is calculated as 
8/ray  kF  , whereas 3/spo  kF   under the condition 
 . In addition, it is found that 
    2sporay //4/2  sIIkFF   for (/)2 >> I/Is and 
(/)2 >> 1. 
 
Fig. 3. Radiation pressure force caused by Rayleigh scattering, 
rayF , as functions of (a) the intensity of the incident light, I, at 
 / = 1, 10, 102 and 103, and (b) the frequency detuning   at 
I/Is = 10, 10
2
, 10
3
 and 10
4
. Here, rayF  is normalized by 6/k . 
Also, I and   are normalized by Is and , respectively. The 
horizontal axes are logarithmic. rayF  is maximized as 6/k  at 
I/Is = 4(/)
2
. Together with increasing values of I or decreasing 
values of  , rayF  approaches a constant value of 8/k . 
The condition  >>  is not always satisfied for I << Is, 
but is inevitably fulfilled for   >> . It is therefore certain 
that rayF  is larger than Fspo for   >> . Hence, the 
radiation pressure force caused by Rayleigh scattering must 
be especially significant for far-detuned-light atom 
manipulation such as that seen in a far-off resonance trap 
[21] and atom reflection with blue-detuned evanescent light 
[22-25]. 
4. Conclusion 
We find that spherical radiation from the induced dipole 
exists even under coherent interaction, and can be regarded 
as Rayleigh scattering. Although Rayleigh scattering is 
different from spontaneous emission in terms of coherence 
and time dependence, it is comparable to spontaneous 
emission for ≿ in terms of power and the radiation 
pressure force acting on an atom. In particular, the radiation 
pressure force caused by Rayleigh scattering is stronger than 
that caused by spontaneous emission when frequency 
detuning is large. 
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